Abstract Oncologic treatments, such as curative radiotherapy and chemoradiation, for head and neck cancer can cause long-term swallowing impairments (dysphagia) that negatively impact quality of life. Radiation-induced dysphagia comprised a broad spectrum of structural, mechanical, and neurologic deficits. An understanding of the biomolecular effects of radiation on the time course of wound healing and underlying morphological tissue responses that precede radiation damage will improve options available for dysphagia treatment. The goal of this review is to discuss the pathophysiology of radiation-induced injury and elucidate areas that need further exploration.
Introduction
Laryngeal and pharyngeal cancers account for more than 29,000 new diagnoses of malignancies in the United States per year [1] . Radiotherapy and concomitant chemoradiotherapy are widely accepted curative treatment approaches for organ preservation [2] . However, since the upper aerodigestive tract is highly susceptible to radiationinduced damage, treatment-related swallowing impairments continue to represent a significant clinical problem [3] . The use of intensity-modulated radiation therapy (IMRT) has greatly reduced adjacent normal tissue damage through the use of steep dose gradients and the ability to adjust maximum doses to the target shape. However, locoregional control of head and neck squamous cell carcinoma (HNSCC) often requires highly aggressive radiation schemes to reduce tumor repopulation [4] . These accelerated radiation schedules, with high total prescribed doses [ [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] Gray (Gy)], result in rapid dose accumulation that is far less tolerable [5] .
In attempts to improve swallowing function and quality of life after radiotherapy, it has been advocated that anatomic structures important for swallow be spared or the mean dose be reduced [6, 7] . As such, identification of atrisk organs has been the subject of intense focus and controversy in literature [8, 9] . To understand the problem of radiation-induced dysphagia, it is important to consider the unique temporal distinctions of radiation injury, the composition of each anatomical structure involved in swallowing, and the locomotion aspects of swallowing activity. An improved understanding of the biomolecular effects of radiation on the time course of wound healing and of underlying morphological tissue responses that precede radiation damage would also help improve treatment options for dysphagia.
The goal of this review is to discuss the pathophysiology of radiation-induced injury and elucidate areas that need further exploration. We review the known temporal evolution of radiation-induced injury and physiologic factors that can lead to progressive motor and sensory impairments. We also consider the clinical use of preconditioning exercises to develop metabolic reserve capacity in muscles. The biomolecular properties that predict successful post-treatment swallowing outcomes are evaluated by comparing clinical outcomes to muscle physiology and the biomolecular aspects of tissue injury after radiation.
Temporal Differences in Radiation Injury
There is limited information on the pathophysiology of radiation-induced injury in the upper aerodigestive tract. In contrast to normal wound healing from trauma, radiationinduced injuries have an accruing and repetitive nature, which inhibits normal molecular and cellular regulatory processes. It is known that radiation disrupts tissue homeostasis by damaging deoxyribonucleic acid (DNA) in the nucleus of rapidly proliferating cells (i.e., tumor, epithelial, etc.) and impeding normal function of organelles in the surrounding cells. These biological events alter molecular pathways involved in cell survival, oxidative stress, and signal transduction [10] .
Complicating the study of radiation-induced dysphagia is the wide range of terminology used to classify temporal effects. Figure 1 shows the comparison of commonly used terminology across three different medical arenas including basic radiation literature, dysphagia rehabilitation, and clinical diagnosis. Radiation injuries are clinically classified into acute, subacute, or chronic designations. Early mucosal injuries (acute \3 months or subacute 3-6 months post irradiation) are attributed to cell death and subsequent inflammation [11] , whereas late deeper tissue responses (chronic [6 months post irradiation) are attributed to damage to the vasculature and/or surrounding connective tissue (Table 1) . Of note, the severity of early injury is not always an indicator of late reactions (Fig. 1 , basic radiation literature). Hopewell and colleagues [12, 13] and others [14] , utilizing models of irradiated rodent and pig skin, indicated that development of late radiation-induced tissue changes can occur irrespective of early epithelial damage. There are a number of biological factors that trigger a diverse repertoire of early or late injuries, including volume administered, dose fractionation, overall treatment time, total dose, and anatomic modifications during treatment [15] . As such, late injuries are further categorized based on their origin (i.e., consequential or generic) (Fig. 1) . In contrast, dysphagia rehabilitation literature often base outcome studies on broadly defined temporal characteristics (i.e., short and long; Fig. 1 ), without consistency as to the patient population and/ or period of time from injury.
Characteristics of Early Radiation Injury
In brief, early radiation-induced treatment effects are evident in the epidermis and mucosa. This is mainly due to cell depletion, inflammation, and hypoplasia that can lead to mucositis and desquamation accompanied by edema and erythema (Table 1) [16] . Often acute injuries are transient and resolve within a few months after treatment; however, early injuries can sometimes persist, producing chronic changes that lead to consequential late effects (discussed below). In contrast, there may not be any significant correlations between the severity of acute and chronic radiation-induced injuries. For example, a patient may develop severe fibrosis post-radiation treatment despite only suffering a low-grade acute reaction, or a patient with severe acute mucositis (grade 3 or 4) may ultimately experience minimal treatment-related effect 6-9 months later.
The optimum accumulated dose, fraction size, volume, and dose concentrations not only are aimed to overcome accelerated repopulation of cancer cells after radiotherapy but can also define the magnitude of inflammatory response and timing of tissue regeneration after exposure [17] . Within minutes after irradiation, bioactive molecules are highly abundant, and an inflammatory process is induced in the submucosa. Inflammation induces a cascade of proinflammatory cytokines and chemokines [i.e., tumor necrosis factor (TNF), interleukin (IL)-6, IL-1]; pro-fibrotic growth factors [i.e., transforming growth factor (TGF)]; and increases in vascular permeability, allowing for infiltration of innate immune cells (i.e., neutrophils, macrophages). Stem cell proliferation rate decreases, and progressive epithelial breakdown develops as a consequence of accumulated radiation damage [18] . Together, this suppresses the resolution of inflammation and inhibits normal cell repopulation needed for regeneration of the tissue. Previous work has shown that the initiation of Fig. 1 Temporal classifications of radiation-induced injury in head and neck as described in basic radiation, dysphagia rehabilitation, and clinical diagnostic literature. Research findings are complicated by wide range of terminologies used to describe stages of radiation injury. a More precise classification is necessary to prevent ambiguity and provoke different treatments for each specific injury classification reepithelization of normal cells depends strongly on the treatment parameters. For example, in the oral-pharyngeal cavities, epithelial repopulation occurs after a latent period of approximately 7 days after starting irradiation with 5 9 2 Gy/week regimen [19] . Measurements of acute biological effects of radiation (i.e., radiation tolerance) are based upon these epithelial repopulation experiments.
One of the most detrimental effects of radiation exposure is the induction of excessive production of reactive oxygen and nitrogen species (ROS). Reactive species are generated during normal and disease conditions through an oxidative metabolic process within organelles or through an enzymatic source [20] . Under physiologic conditions, ROS act as a mediator of communication within the cell and facilitate signaling among other cells. Activity is highly regulated, because excess production can damage proteins and cell structure, instigating dysfunction or apoptosis. ROS are regulated by controlling any excessive production through enzymatic removal. Mitochondria within a cell are the largest producers of ROS in steady conditions (i.e., superoxide anion), during generation of ATP (adenosine triphosphate) in complexes I and III of the electron transport chain. Mitochondria also employ antioxidant defenses (i.e., superoxide dismutase, catalase) that are capable of neutralizing or reducing ROS to a less toxic form [20] . When an imbalance occurs between reactive species and their antioxidant defenses, it can lead to cell stress and eventual tissue destruction, called oxidative damage. Radiation exposure substantially increases the level of ROS in the microenvironment, because ROS are produced by DNA-damaged cells (i.e., epithelial, tumor). They are also released by phagocytic leukocytes during the resulting inflammatory reaction [i.e., granules produced by infiltrating neutrophils (NADPH oxidases), macrophage phagocytosis], as well as by activation of fibroblasts or myofibroblasts in the tissue. Persistently high levels of ROS are thought to permanently damage mitochondrial DNA, and these injuries can be subsequently passed on to progeny cells, creating an iterative cycle of oxidative stress [21] .
Swallow, in many patients during radiotherapy, is within normal functional limits, despite subtle changes to their swallowing physiology and notable diet modifications [22] . In cases where dysphagia is present, it is often attributed to an array of functional characteristics, such as reduced retraction of base of tongue, poor epiglottic retroflexion, reduced laryngeal elevation, delay in pharyngeal transit, and/or poor coordination of swallowing muscles [22, 23] . In many cases, these functional characteristics are accompanied by oral mucositis, causing continuous pain, resulting in difficulty with oral eating, malnutrition, and/or weight loss [24] [25] [26] ; systemic fatigue and nausea may also play a role diminishing motivation to eat [27] . Of note, mucositis is also strongly related to other cofactors including smoking, infection, oral hygiene, and nutritional status [17, 28] .
Characteristics of Delayed Radiation Injury
Delayed (or late) radiation injuries are distinguished by when the damage originates (Fig. 1) . A previous study by Jung et al. [29] examined datasets taken from the literature on late morbidities of radiotherapy and determined their kinetics for the occurrence of complications. In the head and neck region, two-component curves were observed with [8 years post follow-up data; a steep initial decline was followed by an exponential decay 12-18 months after treatment.
As previously mentioned, persistent injuries originating from early severe mucosa reactions are due to irradiation and are considered consequential late effects [5] . These responses are highly influenced by overall treatment time but not directly attributed to radiation injury. Consequential late effects are thought to occur because a delay in reepithelialization after irradiation reduces barrier function, compromising the underlying lamina propria and allowing for subsequent infection or trauma. For example, severe oral mucositis that develops during radiation therapy can persist, resulting in necrosis or delayed ulcer. In contrast, late tissue changes that originate in response to direct radiation to target tissue are referred to as generic late effects ( Fig. 1 ) [17] . Severity of generic late reactions are influenced by fractionation and do not correspond to the intensity of early damage. Disturbance to normal cellular behavior is thought be the primary inducer of non-specific fibrosis that leads to abnormalities in organ function. Radiation-induced neuropathies are an example of a generic effect within the head and neck region, resulting in muscle or nerve dysfunction [30] . Common pathologic features of late-responding injuries include progressive collagen accumulation, permanent fiber disorganization, altered microvasculature, production of pro-fibrotic growth factors (i.e., TGF), and/or eventual loss of elasticity (i.e., atrophy) [31, 32] . Late tissue injuries develop when chronic pathologic processes fail to downregulate fibrogenic deposition; these abnormalities in remodeling can expand across compartments, entrapping underlying muscle and nerves [31] . The absorbed radiation dose and volume of tissue in the radiation field can affect the depth of damage [33] . Several factors have been implicated in the mechanism of permanent cell damage and fibrotic changes, including persistent oxidative stress, microvascular damage, and/or subsequent loss of stem cells required for regenerating damaged tissue [34] .
Clinical and translational studies have indicated that radiation may alter restorative cellular behavior by prompting genetic abnormalities in late-responding cells (i.e., fibroblast, myocytes, endothelial). In histologic examination of non-ulcerated skin taken from patients with long-term radiation-induced fibrosis ([7 years), Rudolph et al. [35] observed dense collagen networks and irregularities in ultrastructure of fibroblast-like cells. This included degenerating mitochondria, multiple dark vacuoles, and dilated endoplasmic reticulum. Further investigation of the pig skin biopsies harvested from fibrotic tissue 6 and 20 months after irradiation to thigh reported persistent over-activated fibroblast phenotypes after exposure (1-6 Gy/min; total 30-64 Gy). Irradiated fibroblasts appeared to escape early senescence, leading to persistently high proliferative abilities along with atypical morphologic changes [36] . Similar work has also demonstrated that irradiated fibroblasts engage in accelerated extracellular matrix (ECM) synthesis with a predilection for deposition of early immature (randomly organized) collagen type III fibrils as opposed to mature type I [37] . This work demonstrates that radiation induces long-term pathologic changes in fibroblasts. As a result of this finding, recent attempts have been made to characterize the genetic abnormalities within irradiated fibroblasts in an effort to predict radiation-induced fibrosis. Rodningen et al. [38] isolated fibroblasts from non-irradiated skin biopsies taken from 30 different breast cancer patients and exposed them to fractionated radiation schemes (3 9 3.5 Gy). Results demonstrated that irradiation upregulated transcription factors involved in oxidative stress and ECM remodeling. Further work identified unique transcription profiles that could differentiate between patients who were at low or high risk of radiation-induced fibrosis and disclosed 14 differentially expressed genes that could be used to predict radiation-induced fibrosis [39] .
Onset of post-radiation dysphagia has been linked to both consequential and generic late effects. Early inflammatory damage to mucosa (i.e., xerostomia, mucositis) and/or radiation dose have been significantly correlated with dysphagia at 6-12 months post treatment [40] , indicative of consequential effects. However, dysphagia can also present years ([2) after treatment with no appreciable early symptoms, which may be due to fibrosis [41, 42] and/or atrophy [8, 41, [43] [44] [45] [46] , and is suggestive of a generic effects [17] .
The degree of skeletal muscle injury post-radiation is dependent on location and variety of tissue types affected. Dose and/or volumetric dose (V D ) limits, to the following areas, have been suggested to mitigate dysphagia, including anterior oral cavity (V 30 \65 % and V 35 \ 35 %), geniohyoid (\*60 Gy), glottic and supraglottic larynx (\40-48 Gy; V 50 to \21 %), superior and middle pharyngeal constrictors (\63 Gy; V 55 \80 % and V 65 \30 %), and inferior pharyngeal constrictors (\54 Gy; V 50 to \51 %) [6, [47] [48] [49] [50] [51] [52] . Eisbruch et al. [6] postulated that the location of pharyngeal and laryngeal tissue and the architectural design of their compartments may influence the severity of radiation injury compared to peripheral swallowing musculature (i.e., geniohyoid, mylohyoid). The notion was based on proximity of the muscle to the mucosa and its underlying connective tissue since these areas are highly susceptible to early inflammatory damage, which can thicken the ECM and subsequently restrain underlying muscle. Hence, fibrotic changes in or around key musculature reduce their locomotion.
Muscles of the larynx, pharynx, and upper esophagus lie deep to submucosa, which is overlaid with stratified squamous epithelium and the lamina propria of the mucosal layer; seromucinous glands and lymphoid aggregates are present throughout the mucosal layer. Radiation injury in these areas causes noticeable soft tissue deformities (i.e., stricture, stenosis) that alter the contour of the tube-like compartment. These changes can, in turn, profoundly affect pressure differentials and alter the rate of bolus flow requiring need for dilation. Therefore, shielding these critical structures during radiotherapy will limit the total dose, which is thought to reduce the risk of late toxicities (i.e., edema, aspiration, xerostomia, voice dysfunction, pharyngo-esophageal stricture) [51, [53] [54] [55] . Correlating swallow with dosimetric factors, Caglar et al. [49] and Caudell et al. [48] demonstrated that mean dose to larynx and inferior pharyngeal constrictors related to severity of dysphagia and percutaneous endoscopic gastrostomy (PEG) tube dependence at 1 year, respectively. Interestingly, Caudell et al. [48] also examined the effects of laryngeal blocking with IMRT using a matched low anterior neck field and found while it reduced the mean dose to inferior pharyngeal constrictors, the total dose to larynx was not altered and incidence of late-onset dysphagia did not improve. This suggests that although IMRT allows for sparing critical swallow structures outside the target volume, radiation can still spread to surrounding areas closest to primary tumors leading to unavoidable swallow complications. Research is underway studying various radiotherapy techniques (i.e., split-field IMRT, image-guided radiotherapy, brachytherapy, cyberknife) in effort to reduce volumetric doses to larynx and pharynx muscles.
The submental complex (digastric, mylohyoid, and geniohyoid) composes the floor of mouth, deep to the submandibular space, and are covered superficially by the dermis and platysma muscle. As such, external radiation may be partially absorbed by soft tissue within the submandibular space (i.e., submandibular glands and lymph nodes), lessening the radiation dose to the suprahyoid muscles. Two dosimetry studies were recently conducted correlating dysphagia with radiation dose to the genioglossus and submental complex [50, 52] . Kumar et al. [52] measured dosimetric characteristics in genioglossus, and found that a minimum dose (30 Gy) strongly correlated with abnormal (C3) penetration-aspiration scores. Further work demonstrated that doses [60 Gy to the geniohyoid correlated with aspiration, and alterations in swallowing kinematics (i.e., hyoid elevation, pharyngeal transit time and cricopharyngeal opening). However, upon closer examination, the primary tumor site, sample selection bias, and/or treatment-related effects were not controlled. Therefore, the impact of radiation to floor of mouth musculature in comparison to uninvolved swallow muscles is difficult to ascertain from this data. It is plausible that floor of mouth structures are prone to underlying late-responding tissue changes (i.e., fibrotic, atrophy) that develop over a longer period of time. In cross-sectional analysis, Szczesniak et al. [56] examined 226 HNSCC patients 0.5-8 years post radiation to determine prevalence and severity of persistent dysphagia. Of patients with no baseline clinical diagnosis of dysphagia during radiation treatment, 22 % self-reported during follow-up evaluation that swallowing problems had arisen after treatment; these patients described various difficulties with clearance of solid foods.
Salivary tissue is also known to be highly vulnerable to radiation damage. In a rodent model, Coppes et al. [57] studied the effects of conventional and accelerated fractionated irradiation (32 Gy total) to the parotid and submandibular/sublingual glands. Their results demonstrated that the submandibular gland was more susceptible to late treatment effects compared to the parotid gland, as reflected by reduced gland salivary flow rate, cell loss, and increased fibrosis *8-9 months after irradiation.
Primary tumor and/or radiation site might also play a key role determining at-risk patient populations. Levendag et al. [47] and Caglar et al. [49] identified high dose to superior and middle pharyngeal constrictors is predictor of aspiration in those treated for oropharynx primary cancers. Additionally, Schwartz et al. [51] analyzed dose-volume constraints associated with dysphagia in those with oropharynx primary cancers who underwent IMRT using laryngeal block and conventional AP low neck field. Results demonstrated that the anterior oral cavity structures and superior pharyngeal constrictor muscles were most at risk for radiation-induced dysphagia, as indicated by strong association between radiation dose to these critical areas and poor swallowing outcomes as measured by Oropharyngeal Swallowing Efficiency. In contrast, Szczesniak et al. [56] found that patient characteristics (i.e., tumor site, therapy, age, gender, or use of chemotherapy) were poor predictors of incidence and severity of late-onset dysphagia. Further work is needed to determine the influence of radiation on the morphology and physiology of structures prominently involved in swallowing and on tissue known to be susceptible to late effects of radiation (i.e., muscle, nerves, and stroma).
Characteristics of Latency Period
Persistent biological changes can go undetected for years after radiation but eventually will result in functional deficits that reduce quality of life and increase risk of mortality. In contrast to the lack of change implied by the term, the latent period between early and delayed radiation treatment effect is not a time of dormancy. Progressive aberrant wound healing is underway, causing fibrosis to form in deep tissue compartments (i.e., muscle and nerves). As discussed previously, permanent ultrastructural changes are likely a result of pathologically-induced deviations mediated at the cellular level (i.e., metabolic, genetic). Fibroblasts are responsible for matrix production, and consequently, persistent stressors (i.e., ROS, etc.) can alter their activity, leading to an imbalance between collagen synthesis and degradation.
A persistent annual risk in developing late effects after HNSCC treatment has been reported [29] ; however, information about the length of latent time before the first onset of late effects is lacking. One would expect that the rate of cell turnover in the tissue correlates with the sequelae of late radiation effects. However, various intrinsic factors (i.e., age, genetics, etc.) can affect cellular activity after radiation and therefore influence the probability of developing a late effect.
Neuromuscular Radiation Injury Muscles
Skeletal muscle was previously thought to be radiation resistant, because of latent mitotic activity (cell growth) and limited reporting of adverse side effects [58] . However, functional decline, muscle weakness, and poor range of movement are now commonly reported complications in irradiated HNSCC survivors [27, 41, 59] . To date, the underlying skeletal muscle pathological changes related to radiation are not clearly understood.
It is well known that a single high dose of radiation can create permanent muscle contracture within a few hours of exposure [60, 61] . Studies in the frog, dating back to the 1930s, demonstrated that high-dose irradiation can result in striated muscle contraction in the hind leg [61] . Further work by Khan [62] investigated changes in the pectoralis major muscle to a single 10-15 Gy dose of radiation in a rabbit model. Under electron microscopy, subtle changes to the myofibers and microvasculature could be seen as early as 24 h post irradiation. Furthermore, skeletal muscle had progressive disruption 40 days after exposure, culminating in atrophy of type II fibers and microvascular necrosis.
Schwenen et al. [63] , in a rat hindquarter, studied effects of amino acid availability after radiation treatment, which is an important determinant of muscle metabolism. Their results demonstrated that a single 10-15 Gy dose of gamma radiation is associated with muscle proteolysis (protein breakdown) within 4-6 h of exposure, as indicated by an increase in alanine and glutamine amino acids. Recently, evidence was presented to suggest that radiationinduced disturbances in skeletal muscle regeneration may be attributed to perturbations in metabolic properties. Hardee et al. [64] studied fiber-type alterations 2 weeks post radiation in mouse hind limb comparing single highdose (16 Gy) treatment to fractionated doses (4 9 4). Results showed wide-ranging damage with single high doses but a selective loss of type IIB myofibers was found irrespective of the dose administered, suggesting that these fibers are more susceptible to radiation injury.
For review, the myofiber is the contractile unit comprising the skeletal muscle, and each unit contains three filaments: myosin, actin, and titin. The sarcoplasm encircles the myofiber providing glycogen and myoglobin needed for energy and oxygen storage, respectively. Myosin can present in three different forms (type I, type IIA, and type IIB) with variations in metabolic and contractile properties. Type I (slow-twitch) fibers are involved in tone, stiffness, and fine postural adjustments and have a high oxidative capacity. These functions require not only greater mitochondrial content but also a mechanism that works efficiently to limit oxidative damage by regulating ROS production and removal. Alternatively, type IIB (fasttwitch) fibers involved in rapid and phasic activity depend heavily on glycolytic metabolism. Therefore, they require less mitochondrial density, and the mitochondria in type IIB fibers exhibit imperfect ROS removal capacity.
Based on fiber type and response to ROS, muscles with the highest glycolytic capacity (type IIB) are most at risk for radiation damage. For example, the outer layer of the inferior pharyngeal constrictor muscles in humans predominately comprised type II fibers with a low oxidative capacity compared to inner layer [65] . Therefore, the distinct outer neuromuscular compartment thought to be responsible for coarse movement of bolus through the lumen might be at greater risk of radiation injury. Clinically, irradiated HNSCC survivors often present with difficulties attributed to pharyngeal dysmotility including impaired bolus movement during swallow and post-swallow residue in the posterior pharyngeal wall, laryngeal vestibule, and pyriform sinus [66] .
There are a number of other swallowing muscles composed of fibers with high glycolytic capacity. Given this knowledge, it is perhaps not surprising that several muscles have been identified as critical structures at risk for causing post-radiation dysphagia. However, studying these muscle fiber types in isolation does not account for differences in other physiologic properties, such as the relative influence that each muscle exerts during swallowing and the spectrum of muscles with heterogeneous compared to homogenous fiber-type distribution. Additionally, oxidative damage is known to be highly selective to type II fibers [67] . This is based upon the fact that mitochondria within each myofiber type have unique intrinsic features that can alter ROS processing [67] . As described earlier, ROS is a byproduct of normal energy production in mitochondria and is also induced during host immune defense and in response to radiation. Oxidative stress can occur when there is an imbalance between ROS and antioxidant defenses. In light of our limited understanding of the pharyngeal muscles that are vital to functional swallowing and airway protection, further work is needed to characterize changes in metabolic and physiologic demands of the varied musculature involved in swallowing, thus permitting further taxonomy of which muscles are most at risk for damage with radiation.
Peripheral Nerves
Perturbations in motor and sensory pathways can occur as result of early or late radiation injuries, influencing airway protection [41] . Peripheral nerves that innervate the swallowing musculature and transmit information to/from the central nervous system are susceptible to damage. This often arises from tumor invasion, cancer treatment(s), or infiltration (compression) of the nerve.
In general, intense radiation can lead to thermal and/or mechanical damage, triggering a cascade of inflammatory mediators (i.e., cytokines), neuropeptides, and glutamate signals (i.e., cell metabolism) in mucosa. Once injury stimuli is detected, nociceptive afferent fibers respond by releasing peptides that cause local tissue dysfunction and transmit neural signaling evoking autonomic reflexes [68] . As discussed earlier, the most common complication of radiation is oral mucositis, which is cytotoxic response that breaks down the epithelium lining causing significant pain and discomfort. Depolarization of nociceptive pain fibers occurs in response to detection of oxidative stress. Specifically, imbalance in ROS activity and subsequent initiation of NF-kB transcription pathways associated with mucositis is detected by sensory receptors, such as transient receptor potential (TRP) family of ion-channel proteins, endothelin-1, tumor necrosis factor, and nerve growth factors [69] . Persistent or uncontrolled pain can result from neuropathic sensory dysfunction. In the rat injury model, Simonyan et al. [70] showed that acute inflammation and trauma to vocal folds can elicit immunoreactive effects to sensory nuclei in the brain stem. Thus, injuries to glottis could upregulate central sensory response, promoting longterm hyper-excitability.
Inflammation and fibrosis that accompanies irradiation can also alter muscle and nerve electrophysiology (i.e. intensity, speed, etc.). Sensory inputs (i.e., bolus size, consistency, taste, temperature, etc.) are involved in initiation and regulation of cough and swallowing reflexes [71] . For signal processing, minimum thresholds must be met to induce downstream afferent pathways and signal pattern generators. Disruption of these pathways can lead to hyposensitivity, which may be responsible for the increased incidence of silent aspiration found with irradiated HNSCC patients. Further work is needed to determine the late effects to sensory and motor function caused by radiation and subsequent fibrosis.
Permanent injury to lower cranial nerves is a rare progressive complication of radiation therapy, which presents several years after treatment [72] . Bulbar palsy is the most common symptom of radiation-induced neuropathies in HNSCC survivors. This is due to proximity of the cranial nerves with respect to the radiation field and nearness to areas highly susceptible to fibrosis [30] . This type of radiation injury is thought to result as a consequence of late fibrotic changes. Several researchers have referred to the progression as fibroatrophic [73] , where muscle fibers are persistently replaced with fibrotic tissue, subsequently reducing their motility as they become weakened and atrophied. Fibrosis is characterized by a loss of vascularity and matrix disorganization, which disrupts well-defined compartmentalized structures. The excessive collagen deposits can eventually entrap nerve trunks or alter the vascular networks between or within the nerve tracts, leading to neurologic deficits (i.e., neuropathy, myopathy) [58] . The mechanism that causes the transformation from fibrosis to atrophy is not well understood; it is possibly related to fragmentation or degeneration of muscle fibers and/or mechanism of disuse atrophy [73] . It is well known that oral intake declines during radiotherapy for HNSCC [24] . Therefore, muscle disuse likely plays a role in development of swallowing muscle impairments after radiation.
Developing Metabolic Reserve CapacityProphylactic Strength Exercises
Throughout the swallowing literature, there is strong support for the use of prophylactic strength-based exercises to prevent or limit the occurrence of radiation-induced dysphagia [74] [75] [76] [77] . To date, it is unclear if maintaining oral intake throughout radiation treatment, or if additional swallowing exercises are necessary to reduce dysphagia in irradiated patients. Swallow exercise programs are broadly aimed at preventing restrictions in motion and reducing immobility or disuse atrophy. However, if eating behaviors are not already impaired by the tumor or swallowing therapy is initiated concomitantly with irradiation, the goal to restore ''strength'' is not entirely applicable.
Many studies that have investigated the impact of prophylactic exercises have considerable methodological heterogeneity in the prescribed exercise regime, onset of implementation (i.e., before, during radiation), and tumor site/stage [78] . However, a recent study by Hutcheson et al. [79] analyzed swallowing activity in 497 patients who underwent radiotherapy or chemoradiation to treat pharyngeal cancer. Their results demonstrated significantly better long-term swallowing outcomes (i.e., 2-4 times more likely to eat a regular diet at *2 years) when patients adhered to prophylactic swallowing exercise goals and/or maintained full PO intake during radiotherapy.
Beginning exercise interventions before initiation of therapy regime may prove to be beneficial. Other fields have demonstrated positive effects of pre-conditioning. For example, treadmill training, 10 weeks prior to radiation (*1 Gy), was shown to upregulate antioxidant enzymes and enhance mitochondrial activity in the mouse hind limb [80] . Pre-radiation prophylactic swallowing therapy could be used similarly to increase muscle fatigue resistance attributed to alterations in mitochondria biogenesis, myofiber strength, and inhibition of oxidative stress [81] [82] [83] . More specifically, active skeletal muscles are predisposed to high constitutive levels of oxidative production, due to rapid increases in ROS that are produced during contraction [84] . As such, it is crucial that myofibers in swallowing muscles have efficient antioxidant capabilities to combat radiation-induced ROS prior to radiation therapy that would otherwise cause irreversible damage.
Atrophy is another concern and is a result of alterations in muscle protein turnover resulting in loss of muscle mass [85] . In normal tissue, this process is mediated by disturbances to muscle protein synthesis [86, 87] ; however, following irradiation, the loss or reduced renewal of stem cells is partly responsible for this phenomenon [73] . Additionally, atrophy is attributed to permanent genetic alterations in local cells, affecting their signaling, protein turnover, and regulation of self-renewal [73] . This knowledge provides some evidence that the initiation of the prescribed prophylactic swallowing exercises (i.e., before, consecutively, or immediately following treatment) may impact therapeutic outcomes.
Although normal muscles display remarkable plasticity with exercise, irradiation can distort the fatigability and metabolism of radiated muscle. Therefore, radiation inhibits the energy capacity and contractile mechanisms necessary to make significant gains from repetitive, strengthbased exercises. Previous work by Carnaby-Mann et al. [76] evaluated the effectiveness of swallow weight-based training ''Pharyngocise'' in maintaining oropharyngeal function with 58 HNSCC patients. Exercises were administered consecutively with chemoradiation, and swallowing function was found to improve with exercise compared to controls. However, MRIs of the genioglossus, hyoglossus, and mylohyoid muscles in those patients who were prescribed ''Pharyngocise'' exhibited reduced T2 relaxation times at end of radiotherapy (6 weeks) compared to baseline, denoting a reduction in muscle size and composition. Further work is needed to determine the influence of the intensity and duration of the exercise challenge in maintaining swallowing function following radiation.
Electrical stimulation [i.e., neuromuscular (NMES), transcutaneous (TENS)] has also been introduced as prophylactic and/or rehabilitation approach for radiation-induced injury. However, the literature is controversial regarding the clinical and physiological effectiveness of this approach for improving muscle recruitment and swallow function [88] [89] [90] . Several studies by Ludlow [91, 92] and others [93] have described the effect NMES on swallow function. Although these studies are not specific for HNSCC, they highlight possible limitations of this approach in irradiated tissue. First, a portion of the swallowing muscles thought to be most affected by irradiation are located deep beneath the skin (i.e., larynx, pharynx), complicating the argument for its use as a motor-unit recruitment tool. Second, surface musculature has conflicting roles (e.g., sternohyoid and omohyoid covering thyrohyoid), which can cause unnatural simultaneous activation (i.e., a dissension of the larynx during swallow) [94, 95] . Of note, the therapeutic success of NMES is likely impacted by the timing of therapy, primary location site, purpose of the therapy (disordered movement [motor or sensory], diet, pain), and outcomes being measured (muscle force, movement, swallowing, diet, etc.).
The majority of the work undertaken with electrical stimulation in treating HNSCC patients has focused on treatments to counteract swallowing complications that occur after irradiation, and currently, there are two published double-blinded randomized control trials. First, Ryu et al. [90] compared effects of NMES to low-intensity TENS with HNSCC (n = 26) *16 days post radiation therapy and diagnosed with dysphagia. Both electrical stimulation therapies were given in concurrence with conventional swallow therapy, and electrodes were placed above and below thyroid notch. A slight decline in functional dysphagia scale was found with NMES (33.9 ± 13.2 pre-22.4 ± 13.4 post), denoting an improvement in severity of dysphagia. Interestingly, no significant differences were found in quality of life measures (i.e., M.D. Anderson dysphagia inventory) or clinical dysphagia scale. Secondly, Langmore et al. [88] studied the effects of NMES therapy, in HNSCC patients (n = 170) with moderate-to-severe dysphagia, and at least 3 months after completion of radiation. NMES, administered to submental region, was compared to a sham treatment, and both were given congruently with traditional swallow exercises. The penetration-aspiration scores were found to be statistically reduced in sham group compared to those treated with NMES, although effect size reduced overall clinical relevance. However, both groups demonstrated significant improvements in diet and quality of life (Performance Status Scale and Head and Neck Cancer Inventory). These results suggest that NMES had little to no effect on the swallow function of HNSCC patients with chronic cases of radiation-induced dysphagia.
Given that irradiated tissue is plagued with aberrant muscle physiology (i.e., fibrosis, cell function), it is not surprising that aforementioned studies did not find remarkable differences with NMES. The stimulant was delivered at maximum intensity levels, which can lead to a high degree of muscle fatigue and propensity for stimulation-induced metabolic changes. Future clinical research should consider the pathophysiologic differences in radiation-induced injuries that were discussed in previous sections. In order to generate useful conclusions, wellcontrolled studies are needed using stratified random sampling to divide subjects into relevant categories (i.e., primary radiation site, onset of dysphagia, time post-radiation) controlling important characteristics of the irradiated tissue environment that could alter responses to treatment.
Electrical stimulation therapy can also be used to modulate endogenous electrochemical pathways, enhancing wound healing and perfusion, as well as perturbing afferent sensory fibers controlling pain impulses. This application uses low frequencies and/or low intensity levels with no discernible muscle contraction. Although the approach is not directly aimed at improving range of motion, it intends to reduce negative side effects that often inhibit therapy compliance. One particular study by Bhatt et al. [96] tested the effects of low-voltage NMES as a prophylactic dysphagia treatment with advanced staged (TNM stages III and IV) laryngeal and pharyngeal HNSCC undergoing chemoradiation schemes. Although worsening swallowing function was found with both NMES treated [n = 41] and control [n = 54] groups, the severity of swallowing dysfunction was found to be significantly less with low-voltage NMES as indicated by functional oral intake scale. Of note, this particular subset of HNSCCs is at very high risk for radiation-induced dysphagia [23] , so improvements in swallow activity with NMES may lead to greater oral intake, preventing effects of immobility. Although not studied, it would be particularly interesting to know if the electrical stimulation that was provided decreased pain associated with irradiation. Early case studies have shown that administering TENS at low frequencies (0.5 Hz) and low amplitudes (50-500 lAmp) during the period of radiation treatment of HNSCC resulted in fewer radiation interruptions [97, 98] . Authors attributed the results to reduction of pain. More recently, preliminary findings from ongoing controlled clinical trial (doubleblinded) comparing high frequency TENS to placebo (lowintensity TENS) and sham treatment observed similar effects in reducing resting pain; however, none of the treatments tested had the effect of reducing functional pain or improving oral function [99, 100] . Further research is warranted to ascertain the physiologic effects of prophylactic electrical stimulation treatment during irradiation.
Future Direction
Clinical information regarding the morphology and physiology of radiation-induced late tissue changes to swallowing musculature is limited. Electrophysiology experiments in a clinical setting are challenging to perform. Additionally, obtaining tissue biopsies of laryngeal and pharyngeal structures require invasive procedures not generally performed unless recurrence is suspected. Lastly, subject availability is also a particular issue, as long-term routine follow-up care is not often conducted [5 years after completion of radiation and follow-up recidivism rates tend to be relatively high. Therefore, animal models are needed to study early and late radiation effects that attribute to dysphagia and compromise the airway. Several experimental rodent models have been used to analyze radiosensitivity of the mandible and salivary glands that can lead to mucositis, xerostomia, or osteoradionecrosis. Fenner et al. [101] analyzed histopathological changes to rat mandible after hyperfractionated stereotactic radiotherapy (15 Gy 9 4 fractions, over 6 weeks). Their results demonstrated signs of fibrosis and necrosis including cell loss, hypovascularity, and increases in pro-fibrotic growth factors (i.e., TGF). Sonstevold et al. [102] studied histological and functional alteration following irradiation to mandible with 15 Gy 9 5 fractions administered within 63-day period. Results showed decreases in saliva; increase fibril diameter; and decreased vasculature in skin, masticatory muscle, and submandibular gland.
To date, there is only one animal study investigating radiation changes to swallowing muscle physiology. Russell and Connor [103] studied the structure and contractility after whole-body irradiation (11 Gy 9 2 fractions, within 2-day period) contoured using lead shielding to anterior digastric and genioglossus muscles in young and aged rats. Although no fibrotic changes were measured 12 weeks after irradiation, results showed physiologic changes in muscle activity as indicated by significant decreases in tongue forces, reduced speed of contraction, and increased fatigue during protrusion. This work indicates that the level of lingual dysfunction may be underestimated if judged solely on the basis of fibrosis. Further work is needed to determine how dysphagia is precipitated by radiation-induced changes within the late-responding tissues in laryngopharynx. 
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